Abstract Mutations in the gene Leucine-Rich Repeat Kinase 2 (LRRK2) have been identified in both dominant and sporadic cases affected by Parkinson's disease (PD). The LRRK2 G2019S mutation (c.6055G>A) is the most frequent substitution in Caucasians, accounting for approximately 5-6% of familial and 0.5-2.0% of apparently sporadic PD cases. We investigated the frequency of the LRRK2 G2019S mutation in 98 unrelated Italian PD patients, including 12 probands belonging to families compatible with autosomal dominant inheritance (12%) and 86 sporadic cases (88%). We detected the G2019S mutation in one sporadic female patient (1.2%). These results confirm that the G2019S mutation is a relevant cause of sporadic PD cases in the Italian population and stress the importance of performing this genetic test, which has important implications for genetic counselling.
Parkinson's disease (PD; MIM 168600) is the second most common neurodegenerative disorder after Alzheimer's disease, affecting more than 1% of individuals aged 55 years (Polymeropoulos et al. 1996) . The disease is clinically defined by the association of bradykinesia, resting tremor, muscular rigidity and postural instability (Gelb et al. 1999) . Neuropathological features include loss of dopaminergic neurones in the substantia nigra-pars compacta and other brain regions, with formation of ubiquitin-containing inclusions (Lewy bodies) in the surviving neurones (Forno 1996) .
The cause of the disease remains unknown in most patients, but a positive family history of PD is found iñ 15-25% of cases, and mutations in five genes have been firmly implicated in the aetiology of these rare inherited forms of the disease (Polymeropoulos et al. 1997; Kitada et al. 1998; Bonifati et al. 2003; Valente et al. 2004; Zimprich et al. 2004 ).
An autosomal dominant form of parkinsonism (PARK8) was first mapped to chromosome 12 in a Japanese family (Funayama et al. 2002) . This linkage was successively confirmed in Caucasian families and mutations in the gene Leucine-Rich Repeat Kinase 2 (LRRK2) have been identified in PARK8-linked families (Paisan-Ruiz et al. 2004; Zimprich et al. 2004 ). The LRRK2 gene has 51 exons and encodes a protein of 2,527 amino acids. The LRRK2 protein has unknown function, although there are five predicted functional domains: a leucine-rich repeat, a Roc (Ras guanosine triphosphatase) domain, a COR (C-terminal of Roc) domain, a WD40 (beta-tranducin repeats) domain and a tyrosine kinase catalytic domain (PaisanRuiz et al. 2004; Zimprich et al. 2004) .
Until now, several different missense mutations have been identified in the LRRK2 gene (Zimprich et al. 2004; Aasly et al. 2005; Hernandez et al. 2005; Kachergus et al. 2005; Khan et al. 2005; Mata et al. 2005; Paisan-Ruiz et al. 2005; Zabetian et al. 2005) . In particular, the G2019S substitution in exon 41 accounts for approximately 5-6% of familial and 0.5-2% of apparently sporadic PD cases in populations of European origin Farrer et al. 2005; Gilks et al. 2005; Kachergus et al. 2005; Nichols et al. 2005; Gaig et al. 2006) . Furthermore, recent studies have indicated an extremely high prevalence of the G2019S mutation in Ashkenazi Jews (13.3% sporadic; 29.7% familial) and North African Arabs (40.8% sporadic; 37.0 familial) affected by PD (Lesage et al. 2006; Ozelius et al. 2006) . Kachergus et al. (2005) reported that G2019S penetrance is age-dependent, increasing from 17% at age 50 to 85% at age 70 years. However, very recent studies found that G2019S penetrance could be lower than previously reported (S. Goldwurm, personal communication). In the Italian population, the prevalence of the G2019S mutation is 5.1% among PD familial cases and 0.9% among sporadic patients . The G2019S mutation alters a critical residue in the kinase domain of the protein, and it has been postulated that the mutation may have an activating effect on LRKK2 kinase activity . A mutation linked to a ''gain of function'' of the resulting protein is also compatible with the dominant mode of inheritance of the disease observed in family studies.
The aim of this study was to determine the frequency of the LRRK2 G2019S mutation in Italian patients with idiopathic PD who have been referred to our Medical Genetics Unit by neurologists from the University Hospital of Siena. We performed the analysis of the LRRK2 G2019S mutation in 98 unrelated PD patients, originating mostly from the Tuscan region, central Italy. In this group of patients, 12 belong to families compatible with autosomal dominant inheritance (12%) and 86 are sporadic cases (88%). Among familial cases, 6 are early onset (mean age at onset: 41.2 ± 4.4 years) and 6 late onset cases (mean age at onset: 62.2 ± 6.8 years). The sporadic group includes 24 early onset (mean age at onset: 40.7 ± 8 years) and 62 late onset patients (mean age at onset: 62.6 ± 6.7 years).
DNA was extracted using standard methods (Sambrook et al. 1989 ). Mutation analysis was performed by denaturing high performance liquid chromatography (DHPLC) using Transgenomic WAVE (Transgenomic, San Jose, CA). For PCR, we used the following primers: LRRK2_41_F: 5¢-ATGCTTGACATAGTGG ACA-3¢ and LRRK2_41_R: 5¢-AGGTCAGTGGTTA TCCATC-3¢ (amplicon size: 316 bp). The optimal column temperature for fragments analysis (59°C) was calculated using WaveMarker Software (Transgenomic). Direct sequencing of the purified PCR products was carried out in both directions on an ABI310 Automated Sequencer.
We detected the LRRK2 G2019S mutation in one sporadic case (1.2%, 1/86 sporadic patients). The patient is a 53-year-old female who developed PD symptoms at the age of 47 years. The disease started with bradykinesia, severe dyskinesias and rigidity. At present, psychiatric disturbances are not present and the patient is treated with levodopa. Her parents are still alive, are 78 and 75 years old, and a recent neurological examination did not show any sign of PD. DNA from the parents is not available for genetic testing. The proband has a healthy 16-year-old son.
These results confirm previous studies that demonstrated a frequency of about 1% for the G2019S mutation in sporadic cases with idiopathic PD in the Italian population . On the other hand, the mutation was not detected in any of the 12 familial PD probands. This result is not unexpected since the LRRK2 G2019S mutation is reported in about 5% of PD familial cases .
Concerning disease onset, previous studies reported the G2019S mutation prevalently associated with late onset PD (>50 years) Infante et al. 2006 ). In addition, Goldwurm et al. (2005) observed that the average disease onset of females carrying the G2019S mutation is about 10 years earlier than that of males (47.1 years vs 56.5 years). Our female patient developed PD symptoms at the age of 47 years and this is in accordance with previous data. However, a larger number of mutated cases is needed to firmly confirm the age of disease onset associated with the G2019S mutation.
Since genetic predisposition is important in the pathogenesis of PD, and the LRRK2 G2019S mutation contributes to a significant percentage of cases, screening for this substitution may become a key component of genetic testing for PD in the near future. As already underlined in previous studies, such genetic tests should also be extended to sporadic cases. In fact, the late onset of PD in G2019S mutated patients together with the reduced penetrance of this mutation, can sometimes mask its familial occurrence.
The identification of a frequent genetic determinant of PD also has important implications for genetic counselling. The lifetime risk of developing PD for the son of the patient described here shifts from 2%, reported for first-degree relatives of an affected individual, to about 42.5%, considering the penetrance of the mutation (Marder et al. 1996; Kachergus et al. 2005) . Analysis of the G2019S LRRK2 mutation in large cohorts of PD cases is necessary to better assess penetrance rate prior to offering presymptomatic tests to relatives.
